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[57] ABSTRACT

The subject invention concerns novel materials and
methods for the detection, treatment, and prevention of
human osteoarthritis. Specifically, the cleavage site:
where aggrecanase cleaves aggrecan has been identi-
fied. Identification of this site, as well as the nature of
the enzyme, facilitates specific treatments which block
or diminish the activity of the enzyme. A further aspect
of the invention concerns methods for detecting evi-
dence of osteoarthritis.
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COMPOSITIONS AND METHODS FOR
DETECTION AND TREATMENT OF HUMAN
OSTEOARTHRITIS

BACKGROUND OF THE INVENTION

Joint diseases are a major cause of disability and early
retirement in the industrialized countries and are thus of
great socioeconomic significance. Of the joint diseases,
osteoarthritis (OA) has by far the greatest prevalence,
and it has been calculated that, in the United States, OA
is responsible for the consumption of up to thirty times
more sick-leave days or hospital days than rheumatoid
arthritis (Kramer, J. S., E. H. Yelin, W. V. Epstein
[1983]1 Arthritis Rheum. 26:901-907). OA is a slowly
progressive disease of multifactorial etiology. The rate
of disease progress will vary greatly between different
patients, depending on the underlying pathogenic fac-
tors. Consequently, progress from the very early stages
to the overt, clinical stages may take anything from
years to decades.

The diagnostic criteria for OA are currently based on
the clinical presentation and obligatory radiographic
signs (Altman, R. D., J. F. Fries, D. A. Bloch et al.
[1987] Arthritis Rheum. 30:1214-1225). Since the radio-
logical diagnosis is usually based on a decreased “‘joint
space,” it depends on the actual destruction of joint
cartilage and will therefore be made only late in the
disease. We lack routine methods to diagnose “preOA”
or “preradiological” stages of OA, a reflection of our
lack of techniques to monitor the joint cartilage in vivo.
We are thus unable to determine the ongoing disease
activity or the prognosis for the patient threatened by
joint cartilage destruction. Moreover, we are unable to
monitor with any precision or specificity the effect of
pharmacological or surgical intervention aimed at re-
tarding or reversing cartilage destruction in OA or
other joint diseases. Any new and improved techniques
to diagnose and follow OA need to monitor the present
in vivo state of health of the cartilage, not only provide
a historical record of past destructive disease.

The details of the mechanisms involved in the disease
process of OA are not known. Presumably, the patho-
genesis is multifactorial, with genetics, joint malalign-
ment, joint overload or trauma, obesity, and aging as
some of the known or suspected contributing factors.
Even less well known is how these general factors are
translated into disease mechanisms on the tissue and cell
level. It may also be that the initiation and progression
of OA are controlled by different factors. Since, how-
ever, changes in the properties of joint cartilage and loss
of matrix components are an integral pan of the disease
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in Cartilage Research, LLondon: Academic Press, pp.
337-340).

The aggregating proteoglycan of articular cartilage,
or aggrecan, is composed of a protein core to which is
attached chondroitin sulfate, keratan sulfate, and both
N-linked and O-linked oligosaccharides. The protein
core has an extended central segment, to which the
glycosaminoglycan chains are attached. At the NH>
terminus, two globular domains, known as G1 and G2,
are separated by a short segment known as the inter-
globular domain (IGD). At the COOH terminus, a sin-
gle globular domain, G3, is found. The G1 domain 1s
involved in the binding of aggrecan to hyaluronan and
link protein, an interaction that probably serves to im-
mobilize the proteoglycan in the tissue (Doege, K., M.
Sasaki, T. Kimura, Y. Yamada [1991] J. Biol Chem.
266:894-902).

The catabolism of aggrecan in cartilage explants has
been found to involve limited proteolysis of the core
protein with the release from the tissue of large chon-
droitin sulfate-bearing species. Analysis of these major
catabolic products with antibodies to the G1 domain
and to keratan sulfate (Ratcliffe, A., J. Tyler, T > Har-
dingham [1986] Biochem J. 238:571-580) have indicated
that such proteolysis separates the G1 domain from the
remainder of the molecule. Interlevkin-la (IL-1a) has
been shown to induce increased catabolism of aggrecan
in cariilage explants, and high levels of IL-1 in human
joint effusions may be responsible for the cartilage de-
generation seen in inflammatory joint diseases.

The disease mechanisms active in QA are unclear, but
changes in the biochemical and biomechanical proper-
ties of joint cartilage, changes in chondrocyte matrix
synthesis, and finally, a gradual destruction of the ma-
trix are characteristic of the disease process. Cartilage
proteoglycan fragments are released to joint fluid after
knee injury and in early stages of both posttraumatic
and primary OA in the human (L.ohmander, L. S., L.
Dahlberg, L. Ryd, D. Heinegard [1989] Arthritis
Rheum. 32:1434-1442; Lohmander, L. S., L. Dahlberg,
L. RYD, D. Heinegard [1990] Trans. Orthop. Res. Soc.
15:212 [abstr.]; Lohmander, L. S., L. Dahlberg [1991]
Trans. Orthop. Res. Soc. 16:227 |abstr.}]). An important
role for matrix metalloproteinases in both normal turn-
over of connective tissue matrix and in the tissue de-
struction seen in, for example, OA has been suggested
(Docherty, A. J. P., G. Murphy [1990] Ann. Rheum.
Dis. 49:469-479; Murphy, G., R. M. Hembry, C. E.
Hughes, A. J. Fosang, T. E. Hardingham [1990] Bio-
chem. Soc. Trans. 18:812-815), and an imbalance be-
tween tissue metalloproteinases and inhibitors has been
demonstrated in animal model OA cartilage, in joint
fluids from patients with recent joint injury, and in OA
joint fluids. Further, increased expression of mRNAs

process, it can be argued that degradation of cartilage 55 for collagenase, stromelysin, and metalloproteinase in-

matrix is a key event at some time in the development of
OA. During this process, matrix molecules, or frag-
ments thereof, are released to the joint fluid and eventu-
ally to other body fluids. These molecules and frag-
ments could be used as markers of cartilage turnover in
OA and other joint diseases (I.ohmander, S. [1988] Clin.
Rheumatol. 2:37-62; Lohmander, L. S. [1990] “Carti-
lage markers in joint fluid in human osteoarthntis,” In:
Brandt, K., ed. Cartilage changes in osteoarthritis, Indian-

apolis: Indiana University School of Medicine Press

(ISBN 0-914168-90-8), pp. 98-104; L.ohmander, L. S.
[1990] “Osteoarthritis: Man, Models, and Molecular
Markers,” In: Maroudas, A., K. Kuettner, eds. Methods

65

hibitor has been shown in synovial cells stimulated with
interleukin-1 and in synovial cells from rheumatoid or
osteoarthritic joints (McCachren, S. S. [1991] Arthritis
Rheum. 34:1076-1084; Firestein, G. S., M. M. Paine, B.
H. Littman [1991] Arthritis Rheum. 34:1094-1105).
However, no definitive evidence has yet been presented
which demonstrates that these enzymes are directly
involved in cartilage matrix breakdown in OA. A de-
tailed characterization of matrix fragments released
from joint cartilage after trauma and in OA of the
human could help identify the degradative mechanisms.

Characterization of aggrecan f{ragments released
from bovine explants treated with interleukin-1 in vitro
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has demonstrated a major cleavage site within the inter-
globular domain of the proteoglycan core protein

which releases large aggrecan fragments from the tissue
(Sandy, J. D., P. J. Neame, R. E. Boynton, C. R. Flan-
nery [1991] J. Biol. Chem. 266:8683-8685).

BRIEF SUMMARY OF THE INVENTION

The subject invention concerns novel compositions
and methods for detection and treatment of aggrecan
breakdown associated with human osteoarthritis. Ag-
grecan 1S a proteoglycan associated with collagen

which constitutes the fibrous protein framework of

cartilage. Aggrecanase is an enzyme whose activity is
responsible for the pathological breakdown of aggre-
can. The subject invention concerns the identification
of the cleavage site where aggrecanase cleaves aggre-
can. We have further characterized the breakdown
products resulting from the proteolytic action of ag-
grecanase on aggrecan.

From this knowledge of the nature of aggrecanase
and its point of action, it is possible to accurately detect
the onset of osteoarthritis (OA) or monitor its progres-
sion. Also, a further aspect of the invention pertains to
the administration of therapeutic agents for the inhibi-
tion or prevention of the enzymatic activity of aggreca-
nase. Thus, in one embodiment of the invention, a
metallo or cysteine protease inhibitor is administered to
a patient in need of a treatment for osteoarthritis. The
protease 1nhibitor slows or eliminates the enzymatic
activity of aggrecanase, thereby alleviating the disease
state. A further therapeutic embodiment of the subject

invention is the administration, to a person in need of
treatment for osteoarthritis, of an effective quantity of

proteins or peptides comprising the Glu-Ala cleavage
site. These peptides which act as enzyme substrates can

reduce the levels of enzyme available for destruction of

aggrecan. A further therapeutic embodiment of the
subject invention is the administration of antibodies to
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the specific cleavage site of aggrecan, or the region of 4,

the aggrecan molecule comprising the cleavage site.
This antibody binds to the aggrecan molecule, prevent-
Ing aggrecanase from acting at that site. Alternatively,
antibodies which bind to the aggrecanase may be ad-
ministered. These antibodies reduce or eliminate the
activity of aggrecanase by binding to the enzyme.

‘The subject invention further concerns diagnostic
methods which comprise the detection of aggrecan
breakdown products. These breakdown products can
be detected by, for example, assays utilizing antibodies
specific for the breakdown products.

DETAILED DESCRIPTION OF THE
INVENTION

The subject invention concerns materials and meth-
ods for the detection, prevention, and treatment of os-
teoarthritis (OA). The invention arises from our identifi-
cation of the cleavage site where aggrecanase acts on
human aggrecan. We have also characterized the frag-
ments resulting from the action of aggrecanase on ag-
grecan.

In the examples which follow, we describe the isola-
tion of aggrecan fragments from joint fluids obtained
from patients with recent knee joint injury or early or
late stage knee OA. We show that the major aggrecan
products present in these synovial fluids are relatively
large and are composed of a segment of the interglobu-
lar domain attached to the G2 domain, the KS domain,
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and variable lengths of the chondroitin sulfate do-
main(s).

Synovial fluid was collected from patients with re-
cent knee mjury and from patients with early or late
stage OA. Chondroitin sulfate-substituted aggrecan
fragments present in these fluids were purified by ce-
stum chloride gradient centrifugation, enzymatically
deglycosylated, and fractionated by gel filtration on
Superose-12. Each sample contained two major aggre-
can core protein populations with apparent molecular
masses of about 90 kD and about 150 kD. For all sam-
ples, NH>-terminal analysis of both populations gave a
single major sequence beginning ARGSV. This NH;
terminus results from cleavage of the human aggrecan
core protein at the Glu 373-Ala 374 bond within the
interglobular domain between the G 1 and G2 domains.
We have determined that the release of aggrecan frag-
ments from articular cartilage into the synovial fluid
seen at all stages of human OA is promoted by the
action of a normal cartilage proteinase (aggrecanase)
which cleaves the Glu 373-Ala 374 bond of the inter-
globular domain.

We have also determined that posttraumatic and OA
human synovial fluid contains at least two populations
of aggrecan fragments, both of which are relatively
large and both of which carry the NHj-terminal se-
quence ARGSVILXVK, situated within the interglob-
ular domain. It is clear that this NH; terminus (Ala 374)
was not generated by proteolysis during deglycosyla-
tion with chondroitinase and keratanase, nor at subse-
quent stages in the isolation of core proteins; thus, in
control studies with deglycosylated calf articular A1D1
aggrecan, the only detectable NH>-terminal sequence
obtained, VEVS, corresponded to that expected for the
intact molecule. In addition, the NH;-terminal sequence
FFGVGGEEDIXVQ (initiating at Phe 342) was ob-
tained after deglycosylation of stromelysin-generated
CS-bearing human aggrecan fragments, with no evi-
dence of an NH2-terminal sequence beginning at Ala
374.

Such species would appear to represent the bulk of
the CS-bearing fragments present in osteoarthritic
human synovial fluid for the following reasons. Firstly,
greater than 949% of the fragments recovered from the
CsCl gradient were recovered in the D1 fraction. Se-
condly, all of the fragments in such D1 fractions were
present in the void volume on Superose-12 fraction-
ation, and deglycosylation of such samples generated
only two populations of aggrecan core protein (termed
pools I and II). Thirdly, the only detectable sequence in
both pool I and pool Il samples was ARGSVILXVK,
and the molar yield of this sequence was generally
about 25% of the starting protein used in preparation of
the samples (assuming a molecular mass of 150 kD for
these core proteins). This appears to be a reasonable
yield, since two chromatographic steps, with attendant
losses, were used in sample preparation for sequencing,
and the yield in Edman degradation is often only
40-80% of expected.

The protease responsible for cleavage of the Glu
373-Ala 374 bond in the interglobular domain of aggre-
can 1s widely distributed, and it would appear to be part
of a general mechanism for the catabolism of aggrecan
in both normal turnover and in pathological situations.
This mmplies that this enzyme is normally expressed by
chondrocytes and that overexpression of this activity
may be a key event in the pathogenesis of disease states
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involving accelerated cartilage degradation, such as
osteoarthritis.

The finding of this predominant NHj-terminal se-
quence on aggrecan fragments in all of these situations
suggests that the enzyme which cleaves the Glu 373-
Ala 374 bond acts on the majority of catabolized mole-
cules and that it catalyzes the most COQOH-terminal
cleavage within the interglobular domain. It is possible
that this enzyme acts secondarily to other proteases
which cleave the interglobular domain nearer to the
NH, terminus.

In this regard, it may be relevant that stromelysin-1
cleaves the interglobular domain of human aggrecan
(Flannery, C. R., M. W. Lark, J. D. Sandy [1992] J.
Biol. Chem. 267:1008-1014) at the Asn 341-Phe 342
bond. Further, a proportion of the G1 domain which
accumulates in human articular cartilage has Asn 341 as
a COOH terminus, indicative of stromelysin-1 action in
situ; stromelysin-1 does not, however, appear to cata-
lyze the cleavage of the Glu 373-Ala 374 bond (Flan-
nery et al. [1992], supra).

The protease which cleaves the Glu 373-Ala 374
bond of aggrecan may be a member of the family of
matrix metalloproteinases, many of which have now
been shown to degrade aggrecan as effectively as
stromelysin. Alternatively, it might be a member of the
cathepsin group of lysosomal cysteine proteinases (Bar-
rett, A. J., D. J. Buttle, R. W. Mason [1988] ISI Atlas of
Science Biochem. 256-260). There is direct evidence that
in human cartilage in vivo, a proportion of the link
protein has been cleaved by cathepsin B, which 1s pre-
sumably derived from the chondrocytes (Nguyen, Q., J.
Liu, P. J. Roughley, J. S. Mort [1991] Biochem. J.
278:143-147).

The finding that products of this enzyme are present
in the synovial fluid of patients 3 days after anterior
cruciate ligament rupture, 15 years after medial meni-
scectomy, and after 10 years of primary OA with exten-
sive cartilage loss, suggests that expression of this activ-
ity may be both an early and persistent feature of the
chondrocyte response to the joint changes associated
with both primary and posttraumatic OA.

Methods

Isolation of aggrecan fragments from joint flmd

Synovial fluid samples were adjusted to 4M guani-
dine-HCI, 0.05M sodium acetate, 0.1 mM PMSF, 5 mM
EDTA, 5 mM iodoacetamide, 1 pg/ml pepstatin, pH
6.8, and centrifuged at 20,000 g for 30 minutes to re-
move any precipitate. Solid CsCl was then added to a
density of 1.45 g/ml and gradients established by cen-
trifugation at 40,000 rpm for 48 hours at 10° C. The
tubes were sliced in three equal parts to yield fractions
D1 (bottom) to D3, and samples were dialyzed at 4° C.
against 0.05M sodium acetate pH 6.8 with protease
inhibitors. After a final dialysis against water, the sam-
ples were lyophilized, and portions were assayed for
total protein or papain digested for assay of glycosami-
noglycan. The insoluble gel collected from the top of
the gradient tubes was dialyzed and lyophihized to-
gether with the top gradient fraction.
Assay and sequencing procedures

Proteoglycan and glycosaminoglycan were deter-
mined as chondroitin sulfate (CS) equivalents by dime-
thylmethylene blue, using shark chondroitin sulfate as
standard. Protein was determined using the bicincho-
ninic acid assay kit from Pierce Chemical Co., Rock-
ford, Ill., with bovine serum albumin as standard.
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Amino acid sequence analysis was performed on a se-
quencer (473A or 477A; Applied Biosystems, Inc., Fos-
ter City, Calif.) with on-line phenylthiohydantoin anal-
ysis. For deglycosylation, D1 samples in 50 mM Trs
acetate, 10 mM EDTA, pH 7.6, were treated at 37° C.
with chondroitinase ABC (0.075 U/mg CS) for 2 hours.
Samples were adjusted to 5 mM PMSF and 10 mM
N-ethylmaleimide and incubated for 1 hour with kerata-
nase (0.1 U/mg starting CS) and finally with keratanase
IT (0.0025 U/mg starting CS) for a further 1 hour. This
procedure resulted in a >90% reduction in the reactiv-
ity of all samples with dimethylmethylene blue. Core
protein preparations from Superose-12 were concen-
trated to 0.5 ml and desalted on a fast desalting column
eluted with water before drying for sequence analysis.
Following are examples which illustrate procedures,
including the best mode, for practicing the invention.
These examples should not be construed as limiting. All
percentages are by weight and all solvent mixture pro-
portions are by volume unless otherwise noted.

Example 1
Isolation of Aggrecan Fragments from Synovial Fluid

Synovial fluid from seven patients were subjected to
CsCl gradient centrifugation and the gradient fractions
were assayed for glycosaminoglycan and protein. In all
samples, >94% of the glycosaminoglycan and <2.5%
of the total protein were recovered from the gradient in
the bottom fraction (D1, density=~1.55 g/ml). This
indicates that the bulk of the aggrecan fragments pres-
ent in these synovial fluid samples was of high buoyant
density and therefore rich in chondroitin sulfate relative
to protein.

A portion of the D1 fragments was analyzed on Se-
pharose CL-2B in the presence of 5% (wt/wt) hyaluro-
nan and 4% (wt/wt) link protein. The two profiles were
very similar and showed the presence of a polydisperse
population of CS-bearing fragments (peak Kay=0.55)
which did not form aggregates with hyaluronan and
link protein. The fragments eluted later on Sepharose
CL-2B than aggrecan monomer from mature human
carthage (peak Kav~0.38), but not as late as a tryptic
digest of monomer (peak Kay ~0.70), or a papain digest
of monomer (peak Kav=0.79). The resuits indicate that
aggrecan fragments from these joint fluids completely
lack a functional G1 domain and also that they have
been cleaved, although not extensively, within the CS-
bearing domains.

Consistent with these findings, fractionation of syno-
vial fluid D1 aggrecan fragments on Superose-12
showed that in all cases the CS-bearing species were
large enough to be excluded from Superose-12, which
has an exclusion limit for dextrans of =300 kD. In addi-
tion, fractionation of deglycosylated D1 samples on
Superose-12 indicated that the major aggrecan core

protein species in all samples were in the apparent mo-
lecular mass range of 90-150 kDD.

Example 2
Characterization of Core Proteins

A detailed analysis of the D1 aggrecan fragments
from three patients was carried out. The samples were
contaminated to a varying degree with nonaggrecan
protein which eluted in the included fractions with an
apparent size below 66 kID. This material was presum-
ably “trapped” with the D1 aggrecan during ultracen-
trifugation, possibly as a result of a2 high concentration
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of hyaluronan and protein in these samples. The identity
of these proteins was not further investigated.

After deglycosylation, 214 nm absorbance profiles
for each sample showed two major peaks (pools I and
IT). The 214-nm absorbing species were apparently not
generated by the deglycosylation step but were present
in the starting material.

The proteins eluted in pools I and II were both de-
rived from the high molecular weight CS-bearing ag-
grecan fragments. Thus, when other portions of DI
samples were purified on Superose-12, and fractions
4-10 were pooled for deglycosylation, the 214-nm pro-
file of these core samples on Superose-12 again showed
the characteristic double peak.

Example 3

NH>-Terminal Analyvsis of Aggrecan Core Proteins
from Synowvial Fluids

The aggrecan core preparations from Superose-12
chromatography of human synovial fluid samples were
taken for NH;-terminal analysis, and the results, with
apparent picomole yields, are shown in Table 1.

TABLE 1

NHj-terminal sequence data obtained for D1 aggrecan fragments
1solated from synovial fluids and fractionated by Superose-12 gel

_ filtration.

Synovial  Superose Approx yield
fluid pool  Sequence (pmol)
Patient A I ARGSVILXVKP 33

11 ARGSV 32
Patient DD I AXGXVIL 10

11 ARGSVILXVK 39
Patient F I ARGSV 11

H ARGSVILXVKPIFEVXP 145
Patient G 1§ ARGSVIL 11

For all synovial fluids analyzed, and for both pool 1
and pool II core protein species, the major sequence
obtained clearly corresponded to the human aggrecan
sequence beginning ARGSVILTVKP, which initiates
at Ala 374 within the interglobular domain. Interest-
ingly, the eighth residue could not be detected in any
sample, and since this is a threonine in the cDNA-
derived sequence, it seems likely that this residue is
modified, probably by O-substituted carbohydrate. The
finding of the same NH; terminus on pool I and pool II
core species suggests that their separation by size is due
to different COOH termini, consistent with limited
cleavage within the CS domain(s) as discussed above.

Example 4
Assays for the Detection of Evidence of Osteoarthritis

In one embodiment of the subject invention, aggrecan
breakdown products are detected using a monoclonal
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or polyclonal antibody-based assay. An antibody, or
antibodies, to the principal breakdown products de-
scribed herein can be readily produced utilizing proce-
dures which are well known to those skilled in the art.
These antibodies can be used in antibody-based assays
and kits such as ELISA systems. For example, biologi-
cal fluid can be contacted with a solution comprising
these antibodies. The biological fluid is, preferably,
synovial fluid but for convenience, the biological fluid
may also be, for example, urine, serum, or lymph fluid.
If breakdown products are present in the biological
fluid, then the antibodies will bind to the products.
Binding of the antibody to breakdown products can be
detected in a number of ways. For example, a second
antibody with a detectable label (fluorescent, for exam-
ple) and which binds to the first antibody can be used to
determine if the first antibody bound to any breakdown
product.

The assays of the subject invention can be used to
detect the onset of osteoarthritis or to monitor the pro-
gression of the disease. For example, this assay can be
used to evaluate the effectiveness of a treatment for CA.

It should be understood that the examples and em-
bodiments described herein are for illustrative purposes
only and that various modifications or changes in light
thereof will be suggested to persons skilled in the art
and are to be included within the spirit and purview of
this application and the scope of the appended claims.

We claim:

1. A method for monitoring changes in cartilage asso-
ciated with osteoarthritis, and method comprising the
detection of aggrecan breakdown products in a sample
of biological fluid, from a human suspected or known to
have osteoarthritis, wherein said aggrecan breakdown
products comprise those pardons of aggrecan that result
from a cleavage of aggrecan between amino acids Glu
373 and Ala 374, wherein the presence of said aggrecan
breakdown products is detected by

(a) obtaining a sample of biological fluid from a hu-

man;

(b) 1solating aggrecan fragments from said fluid; and

(c) analyzing the NHj-terminal sequence of the ag-

grecan fragments obtained in step (b) to ascertain

whether the sequence ARGSYV is present;
wherein the presence of the ARGSYV sequence indicates
the occurrence of osteoarthritis.

2. The method, according to claim 1, wherein said
biological fluid is selected from the group consisting of
synovial fluid, urine, serum, and lymph fluid.

3. The method, according to claim 1, wherein de-
glycosylated aggrecan breakdown products have mo-
lecular mass of between about 90 kD and about 150 kD,

as determined by gel filtration on Superose-12.
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It is certified that error appears in the above-indentified patent and that said Letters Patent is hereby
corrected as shown below:
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Column 3, line 53: Delete “Detailed Description” and insert --Detailed Disclosure--.
Column 6, line 38: Delete “(peak Kay = 0.55)” and insert —{peak Kav = 0.55)--.
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Column 6, line 43: Delete “(peak Kay =~0.70)” and insert —(peak Kav =0.70)—.
Column 8, line 31: Delete “and method comprising” and insert

--said method comprising--.
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